Objective: To derive a cross-culturally valid, short measure of physical function using function subscales (daily living and sports and recreation) of the Hip disability and Osteoarthritis Outcome Score (HOOS).
Introduction
Arthritis, particularly osteoarthritis (OA), ranks among the most prevalent diseases in the developed world and is a major cause of pain and physical disability 1, 2 . It is most common in the hip and knee and is a leading cause of activity limitation, loss of independence, decreased quality of life and is a significant economic burden in terms of health care costs 1,3e6 .
Total joint replacement (TJR) is a known effective treatment option for end stage hip or knee OA 7 . However, while studies have evaluated interventions for relieving pain and improving function, there has been little work in understanding interventions that might improve pain and functional disability in those who have mild or moderate symptomatic OA. Disease modifying agents for OA [Disease Modifying Osteoarthritis Drugs (DMOADs)] are of interest 8 , but to evaluate these agents, there is a need to define eligibility criteria for clinical trials and appropriate outcomes.
As described by Gossec et al. 9 , an international working group created under the auspices of Osteoarthritis Research Society International (OARSI) and Outcome Measures in Rheumatology Clinical Trials (OMERACT) determined that TJR, while the definitive outcome of failure in treatment of hip or knee OA, was not a feasible outcome in trials of non-surgical management, given the issues of access to TJR 10e12 and people's variability in willingness to undergo such surgery 13, 14 . Hence, it was decided by the working group that the domains of pain, physical function and joint structure would be combined as a surrogate measure of outcome. Given this objective, it is critical that we have a parsimonious set of cross-cultural items that represent the range of difficulties of individuals across the spectrum of OA severity (that is, community dwelling individuals through to those with severe OA such that they are candidates for TJR). A working group was created for each domain, with the goal of determining a measure that would be integrated into the combined surrogate outcome. The focus of this paper is the physical function domain for hip OA.
The most common measures of physical function with demonstrated reliability and validity that have been used world-wide for hip OA include the Western Ontario McMaster Universities' Osteoarthritis Index (WOMAC) 15e17 and the Hip disability and Osteoarthritis Outcome Score (HOOS) 18 . The WOMAC physical function subscale includes 17 items that were selected based on their level of importance to people with hip and knee OA 15e17 . There is concern, however, that the WOMAC 3.0 physical function subscale does not include items of sufficient difficulty 19, 20 . To address this limited range, the HOOS was developed 18 . The HOOS is inclusive of the 17 physical function items of the WOMAC but also includes higher demand function, sport and recreational activities, increasing the physical function items to 21.
Additionally, concerns have been expressed that the WO-MAC physical function subscale has redundancy within its restricted range of difficulty given the number of items and the method of determining their inclusion 19, 21 . Reduced item sets for the WOMAC physical function subscale have been developed and tested by Whitehouse et al. 22 and by Tubach et al. 23 . Whitehouse et al. 22 reduced the 17-item physical function subscale to seven items based on the opinion of 36 orthopedic and rheumatology personnel from the United Kingdom and United States. These opinion leaders were asked to indicate the five items they would keep based on items most likely to change after joint replacement surgery, what patients cared about most, and items that represented a broad spectrum of difficulty. The measurement properties subsequently were tested in data from patients from the United Kingdom, United States and Australia who had total knee replacement. Tubach et al. 23 asked 1362 patients with hip or knee OA to select the five items representing activities that they felt needed to improve the most and 399 rheumatologists were asked to select five items that they considered resulted in the most problems for people with hip or knee OA. Based on their analyses eight items were chosen that were considered most important to the patients. These authors similarly tested the measurement properties of the shortened scale. The difficulty with these approaches is that neither included the spectrum of severity of OA in their work, the WOMAC items with a limited range of difficulty were used, and the scaling properties of the items were not considered in the process.
Item response theory methods, specifically the Rasch model, have been used to develop and internally validate short measures 24 . The Rasch model 25, 26 uses a logistic function that creates an interval-scaled measure. The standard error (SE) of an item is independent of the SE of other items such that there should be improved accuracy and stability of the performance of the items across different populations. Additionally, the item difficulty parameters explicitly demonstrate the range of difficulties (in this case the range of functional difficulty) that are represented by the measure.
We, therefore, secondarily analyzed HOOS and WOMAC 3.0 data from individuals from Europe and North America with hip OA accrued to community cohorts or individuals about to have total hip replacement surgery using the Rasch model to develop a short measure of physical function.
Methods
Data (n ¼ 2991) from community (Canada) and pre-total hip replacement surgery cohorts (four from Canada, one from Sweden and the Eurohip data set which represents data from Austria, Finland, France, Germany, Hungary, Iceland, Italy, Poland, Spain, Sweden, Switzerland and the United Kingdom) were included in the analysis (Table I ). The methods for accrual to the community sample have been described elsewhere 10, 27 . For those pre-THR, all patients were booked for their surgery and completed the questionnaires either as a part of routine care or in relation to a specific research study. The age of the total sample ranged from 19 to 96 years with four data sets including individuals with an average age in the 60s. There were slightly more females than males. All data analyzed were based on the WOMAC Likert-type version 3.0 or HOOS Likert-type version 2.0 questionnaires. This secondary analysis was approved by the institutional ethics review board.
MEASURES
The WOMAC version 3.0 15, 17 physical function subscale consists of 17 items scored 0e4 with response options for rating the amount of difficulty on an activity ranging from 'None' to 'Extreme'. The subscale score is calculated by summing the raw responses with a score range of 0e68 where high scores indicate more difficulty. This WOMAC 3.0 subscale is included in the HOOS as the Function, daily activities scale 18 . Four additional Function, sports and recreational items of the HOOS 18 are similarly rated and scored to provide a raw subscale score of 0e16. For the HOOS subscales, the raw subscale scores are then calculated as a percentage score. The raw responses of the 21 items for the two HOOS subscales were used for these analyses.
ANALYSIS
The most basic form of the Rasch model, based on a dichotomous response scale, is that the probability of a person endorsing an item is a logistic function of the difference between the person's ability and the difficulty of the item. This can be expressed as a logit model as follows:
where ln is the logarithm function, P is the probability of person n endorsing item i, 4 n is the level of functional ability of person n, and b i is the difficulty of item i. The item and person estimates are expressed as logits which allow for linear transformation of the raw score. As an item estimate is based on responses to the other items, the model is able to accommodate missing responses to an item for a given respondent. An extension of this model, the partial credit model for multiple-response option data, the details of which are described elsewhere 28 , was applied in this analysis using RUMM2020 software 29 . This form of the logistic model addresses the case of multipleresponse option data such as that of the HOOS where the response represents the individual's difficulty rather than a ''correct'' answer.
The criteria for interval level data include: demonstration of appropriate response category ordering, fit of the data to the model, lack of item bias or differential item functioning (DIF) and unidimensionality 25,30e33 . The data were considered to fit the Rasch model when the item c 2 probability was not significant, the item residuals were small (i.e., absolute value smaller than 2.5) and the F-test statistics were not significant. Statistical significance was based on a critical value of 0.05 with a Bonferroni correction factor for multiple testing 34 with P-values < 0.002 considered statistically significant.
Response categories were examined to determine if they produced sequentially ordered item thresholds. Thresholds are the point between two response categories where there is 50% probability of either response. Where items had misordered thresholds, the response categories were collapsed.
Item bias or DIF occurs when there are systematic differences in responses based on characteristics of the respondents. Invariance of the model by age, sex, and country was evaluated. Although item splitting can be done to address DIF by having different difficulty estimates or logit values for an item, we a priori determined that items with DIF would be removed to maximize parsimony.
The internal consistency and reliability of the final model are evaluated by a separation index that is equivalent to Cronbach's alpha 35 . Values of approximately 0.80 and greater are acceptable 36 .
The assumption underlying the Rasch model is that the items form a unidimensional scale. Most commonly, unidimensionality is assessed by performing principal component analysis of the residuals. There should be no factor structure to the residuals as the Rasch analysis has 'extracted' the factor for which item associations exist. Interpretation of these results can be difficult as the residuals represent an unknown amount of the total variance as presented by the RUMM software. Care must be taken to avoid interpretation of a suggested data pattern based on the residuals of one or two items that provides minimal explanation of the total variance 33 . As a final test of unidimensionality, person score estimates were compared based on subsets of items from the factor analysis of the residuals. Scores were created from the items with positive factor loadings of 0.30 and higher and also from items with negative factor loadings of À0.30 and lower. T-tests were then done to compare the estimates for each person and the percentage of tests outside AE1.96 (95% confidence interval) was calculated 31, 33 .
Person score estimates are provided on a logit scale. We a priori expected that the distribution of the community sample would demonstrate a proportion of individuals with less disability than the samples of individuals who were waiting for THR.
Finally, we used regression methods to determine how well the five-item interval level scale predicted the scores the raw summed score of the five items by fitting a cubic model. To facilitate ease of use in clinical and research settings, we then created a nomogram equating the raw sum score to the interval level measure scaled from 0 to 100. Table II presents an overview of the model summary statistics for some of the Rasch analyses. The first analytic model was run with all 21 items using only the Canadian data sets from both the community and the pre-total hip replacement samples. The mean item location for the initial model based on 21 items was 0.00 with Standard Deviation (SD) ¼ 1.341. The SD should be approximately 1 although values of approximately 1.4 are common. The overall model c 2 statistic was significant with a P-value of <0.0001. Ten of the 21 items were problematic based on misfit criteria (Bonferonni corrected significant c 2 , large residuals, significant F-test) and are bolded in Table III . As an example, the item walking on a flat surface has a large residual of À6.670 which is well beyond the threshold magnitude of AE2.5 and the P-values are beyond the Bonferroni corrected critical value for both the c 2 statistic and the F-test.
Results
Given these findings, the pattern of the items thresholds was evaluated to see if there was disordering of responses for any items. The items heavy domestic duties, running and squatting had disordered thresholds and categories were collapsed to achieve sequential order. The remaining items had properly ordered thresholds and all response categories were maintained. Additionally, the threshold distances varied across items such that the partial credit model was appropriate for the analysis of these data (data not shown).
DIF based on age and sex was also evaluated to determine if this was contributing to the misfit of items. No attempt was made to improve fit to the model by item splitting (i.e., allowing different estimates for items based on the DIF characteristics examined) as noted in Methods. Misfitting items were systematically removed, resulting in 11 items that fit the model (Table IV ). The overall model had an item mean of 0.00, SD ¼ 1.74, with a c 2 statistic with a P-value of 0.3442. These 11 items provided the basis as we continued to work toward a final model using the additional data sets. The additional data sets were added one at a time allowing us to systematically test for DIF by country.
Addition of the remaining data sets resulted in a final five items that fit the Rasch model (Tables II and V ). The overall model had an item mean of 0.0, SD ¼ 1.64, which is improved from the 11-item model. Given the multiple testing and multiple comparisons, the c 2 statistics, residuals and P-values met the criteria for item fit. The exception was descending stairs which had a significant F-test. This suggests that the class intervals (i.e., the distance between the thresholds) vary in width. None of the five items demonstrated DIF by age, sex, or country based on a Bonferroniadjusted P-value. As an example, Fig. 1a and b shows that the items getting in and out of the bath/shower and sitting have no DIF by age or sex as the curves overlap.
The five items included in the final model include three from the original WOMAC 3.0 physical function subscale (sitting, descending stairs and getting in and out of the bath/shower) and two items added in the HOOS (twisting/ pivoting on loaded leg and running). The items have average logits ranging from 1.832 (sitting, which is the easiest item) to À2.595 (running, which is the most difficult item) representing a range of difficulty (Table V) . The item thresholds ( Fig. 2 ) also demonstrate the range of difficulty with thresholds ranging from À10 to 5. The separation index is 0.80. In strict testing of unidimensionality, factor analysis of the residuals demonstrated no pattern (data not shown). Additionally, neither subset of items from the factor analysis of the residuals demonstrated a significant difference from the person estimates from the full five-item measure based on a Bonferroni-adjusted P-value. Only 2.6% of the sample demonstrated differences, supporting a unidimensional construct (Table V) .
Person score distributions are shown in Fig. 2 and range from À5 to 7 logits with the community sample, as expected, including individuals with less disability (lower scores represent less disability).
Finally, given that we significantly shortened the two subscales of the HOOS, we wanted to evaluate how the Rasch scale predicted the summed score of the five items. Figure 3 shows the relationship of the Rasch-based scores in relation to the summed score. Additionally, Fig. 4 shows the prediction line based on an estimation of the cubic function regressing the Rasch score on the sum of the five items in the final Rasch-based scale. Table VI shows the model summary and coefficient estimates as well as the descriptive statistics for the raw scores, observed and predicted Rasch-based scores for the five items. Figure 4 supports the data in Table VI and the appropriateness of the cubic function.
By solving the cubic model in Table VI , Rasch-based, interval level scores can be estimated based on the summed score of the five items. Table VII presents these estimated Rasch-based scores for all possible integer values of the raw summed scores. The estimates are shown in both the original scale and rescored on a 0e100 scale where 0 represents no physical difficulty. As an example, a raw summed score of 13 is equivalent to a score of 50.8 on the interval score ranging from 0 to 100.
Discussion
Use of the Rasch model in this study supports a short measure, the five-item HOOS-PS (Appendix 1), for measuring physical function in people with OA of the hip. The measure covers a range of difficulty and represents a unidimensional construct and demonstrates no DIF by age, sex, or country despite the diversity in the test samples. As such a single score from the HOOS-PS can be created for an individual using Rasch methods and this score has interval level properties. This is supported by the evaluation of strict unidimensionality, which remains a challenge, but the methods used in this study represent current best methods 31, 33 .
One item, descending stairs, fit the model with the exception of the F-test criterion which suggests that there are statistically significant differences in the threshold distances for this item. The impact of one item failing a single criterion given that all other criteria for item and model fit were met, including the tests of invariance and strict unidimensionality, is unclear and currently under debate.
The other potential issue is that the Person-Separation Index (PSI) is 0.80 in the final model which is on the low end of acceptable levels particularly for individual level data 36 . Although the Cronbach's alpha (PSI in this case) is related to the intraclass correlation testeretest reliability coefficient 37 , formal testeretest reliability with calculation of the appropriate test of concordance should be conducted for use of this measure in evaluating change.
The items derived from the WOMAC physical function subscale that are included in the HOOS-PS differ from those included in the short versions of the WOMAC developed by Whitehouse et al. 22 and by Tubach et al. 23, 38 . Sitting is the only common item with the seven-item short WOMAC derived by Whitehouse et al. 22 . Their short measure includes the following WOMAC items: ascending stairs, rising from sitting, walking on flat, getting in/out of car, putting on socks/rising from bed, and sitting. Tubach Fig. 1 . Graphs demonstrating the lack of DIF for getting in and out of the bath/shower (a) for age and for sitting (b) by sex. For each graph, the x-axis shows the person score in logits and the y-axis represents the expected scores based on the Rasch model (overall fit is based on a c 2 distribution). For each of getting in and out of the bath/shower and sitting the lines for age and sex, respectively, overlap demonstrating that there is no DIF by these factors.
555
Osteoarthritis and Cartilage Vol. 16, No. 5 et al. retained eight items of the WOMAC: descending stairs, ascending stairs, rising from sitting, walking on flat, getting in/out of a car, going shopping, and putting on socks/stockings 23 . Only descending stairs is common with the HOOS-PS. Given the different methods and different samples used by Whitehouse et al. 22 and Tubach et al. 23 , as compared to the current work, these differences are not surprising. A major advantage of the current approach is that it achieves interval level measurement across a spectrum of OA disease severity and is free from DIF. Additionally, the HOOS-PS includes a greater range of item difficulty by its very inclusion of more demanding activities than those included in the WOMAC. Short, as compared to long, versions of questionnaires that can be used for measuring patient status or change in status are in constant demand by clinicians, researchers and regulators to improve feasibility and compliance, especially when multiple questionnaires are being used.
However, the major criticism of short questionnaires relates to their content validity. Content validity is a qualitative assessment determined mainly by how the items were generated. Ideally, the literature and all stakeholders are canvassed to determine that there are no critical omissions and that there is no irrelevant content 39 at the item generation phase of questionnaire development. In item reduction, content validity must be balanced with item redundancy and the additional information gained by each item.
The short versions developed by Whitehouse et al. 22 and Tubach et al. 23, 38 have measurement properties of reliability, validity and responsiveness even though the items in the two short versions are very different. This suggests that the original 17-item scale had redundant items.
While aspects of truth, discrimination and feasibility as defined by the OMERACT filter 40 have been addressed in the current work further testing of the HOOS-PS is required. Generalizability of the current work is limited by the types of sample and cultural considerations of the countries from which data were available. Future studies will need to further evaluate reliability and validity and address cross-cultural validation. Additionally, given the intended use of the HOOS-PS as part of the composite index that will as one of its goals define an endpoint for those who have failed DMOAD therapy such that they are candidates for total hip replacement, validation studies to define a HOOS-PS cut-point will be required. Further applications of the HOOS-PS will require studies to define the responsiveness of the measure in different contexts in varying samples of people with hip OA who receive different treatment interventions. In summary, based on accepted methods of measurement using Rasch analysis and using data from samples representing a spectrum of OA severity, we have developed a short measure of physical function, the HOOS-PS. This short measure fits the unidimensional, interval level scaled Rasch model and is free of DIF. Further, we have provided a conversion for raw summed scores to an interval scale for ease of use and interpretation in clinical and research settings. Suarez-Almazor (Canada), and James P. Waddell (Canada). Table VI . This survey asks for your view about your hip. This information will help us keep track of how well you are able to perform different activities. Answer every question by ticking the appropriate box, only one box for each question. If you are unsure about how to answer a question, please give the best answer you can making sure you answer all the questions.
The following questions concern your level of function in performing usual daily activities and higher level activities. For each of the following activities, please indicate the degree of difficulty you have experienced in the last week due to your hip problem. 
